Inflammatory cytokines may mediate hypoxic-ischemic (HI) injury and offer insights into the severity of injury and the timing of recovery. In our randomized, multicenter trial of hypothermia, we analyzed the temporal relationship of serum cytokine levels in neonates with hypoxic-ischemic encephalopathy (HIE) with neurodevelopmental outcome at 12 months. Serum cytokines were measured every 12 hours for 4 days in 28 hypothermic (H) and 22 normothermic (N) neonates with HIE. Monocyte chemotactic protein-1 (MCP-1) and interleukins (IL)-6, IL-8, and IL-10 were significantly higher in the H group. Elevated IL-6 and MCP-1 within 9 hours after birth and low macrophage inflammatory protein 1a (MIP-1a) at 60 to 70 hours of age were associated with death or severely abnormal neurodevelopment at 12 months of age. However, IL-6, IL-8, and MCP-1 showed a biphasic pattern in the H group, with early and delayed peaks. In H neonates with better outcomes, uniform down modulation of IL-6, IL-8, and IL-10 from their peak levels at 24 hours to their nadir at 36 hours was observed. Modulation of serum cytokines after HI injury may be another mechanism of improved outcomes in neonates treated with induced hypothermia.
Introduction
Hypoxic-ischemic (HI) injury induces release of cytokines and chemokines, which amplify inflammatory cascades and recruit neutrophils and monocytes to sites of injury. Serum inflammatory proteins are readily measurable and may be useful biomarkers of phases of injury. Combinations of cytokines are beginning to be used as early, discriminating predictors of severe traumatic brain injury and multiorgan system failure in adults and children (Bogner et al, 2009; Berger et al, 2008; Kirchoff et al, 2008; Jastrow et al, 2009) . In neonates with hypoxicischemic encephalopathy (HIE), elevated interleukin (IL)-6 and IL-8 in serum and cerebrospinal fluid have been associated with high lactate/choline ratios by magnetic resonance spectroscopy and more severe neurologic outcomes (Bartha et al, 2004; Savman et al, 1998; Nelson et al, 1998; Martin-Ancel et al, 1997) .
Although IL-6, macrophage inflammatory protein 1a , and other inflammatory cytokines are traditionally viewed as augmenting injury, a growing body of evidence from animal and human studies describes a dual role for these mediators in injury and repair after stroke (Matsuda et al, 1996; Loddick et al, 1998; Suzuki et al, 2009 ). This duality may add to their potential usefulness as biomarkers, if different peaks are indicative of different phases of recovery. However, the natural time course and hypothermia's effect on serum cytokines after HI injury need to be elucidated before such markers can be developed for neonatal HIE.
Hypothermia is reported to have variable effects on inflammatory cytokines, depending on site, timing of measurement, and the presence of infection (Yanagawa et al, 2002; Diestel et al, 2008; Xiong et al, 2009) . In a lipopolysaccharide pediatric mouse model, hypothermia increased IL-6 and IL-10 within 6 hours (Stewart et al, 2009 ). Additionally, IL-6 and IL-8 in cerebrospinal fluid increased within 18 to 24 hours in hypothermic pediatric traumatic brain injury and adult cardiac arrest patients compared with normothermia patients (Buttram et al, 2007; Fries et al, 2009) .
In our multicenter trial of induced systemic hypothermia in neonatal HIE, we investigated the effects of time and hypothermia on serum cytokine levels as a secondary outcome. We postulated a priori that proinflammatory IL-6 and antiinflammatory IL-10 at enrollment would predict outcome. This is the first report of a time course of circulating inflammatory mediators in neonates with HIE and with and without systemic hypothermia.
Materials and methods
This analysis was performed as a secondary outcome of a multicenter randomized, controlled phase II trial of systemic hypothermia of 331C for 48 hours in neonates with evidence of HIE (Eicher et al, 2005a,b) . Thirty-two patients were enrolled and randomized to hypothermia (H) and thirty-three to normothermia (N) groups. Newborns qualified for the study if they were X35 weeks gestation, > 2,000 g birth weight, and p6 hours after birth or HI insult. Consent was obtained before study enrollment, using a consent form approved by the local Institutional Review Board at each site. Medical University of South Carolina's Institutional Review Board and the local institutional review boards at each of the six sites ensured human subjects' protection and performed regulatory oversight of the study. Our entry criteria have been published along with safety and clinical outcomes. Exclusion criteria included maternal chorioamnionitis, sepsis at birth and either birth weight or head circumference < 10th percentile for gestational age. An adverse neurodevelopmental outcome was defined as death or severe motor disability at 12 months of age (Bayley II psychomotor developmental indices p70). One milliliter of blood for serum cytokines was collected via umbilical catheter within 3 hours of enrollment, then every 12 hours for 72 hours. Time of blood draw after enrollment and time after birth, in parentheses, were 0 hours (0 to 8 hours), 12 hours (11 to 21 hours), 24 hours (22 to 33 hours), 36 hours (34 to 45 hours), 48 hours (46 to 56 hours), 60 hours (57 to 69 hours), and 72 hours (70 to 81 hours). Blood drawn 0 to 48 hours after enrollment was obtained during hypothermia, and all subjects were normothermic at the 60-to 72-hour draws. Serum was separated, transported on dry ice, and frozen at À801C until analysis. If thawed on arrival, then samples were not used for analysis.
For multiplex cytokine assays, 25 mL of serum was prepared according to manufacturer's protocol for multiplexed fluorescent bead immunoassays (Beadlyte; Upstate Biotechnology, Waltham, MA, USA). Samples were analyzed in duplicate on BioPlex platform (BioRad, Luminex Technology, Hercules, CA, USA). Values were reported as median fluorescent activity. Concentrations were then extrapolated from an 8-point standard curve for each cytokine using either a 4 or 5 parameter logistic fit using the Bioplex software, and reported as picograms per milliliter (pg/mL). Lower limits of assays were between 0.5 and 6 pg/mL, depending on the cytokine. Cross-reactivities of both reporter and antibody standards using this kit have been quantified for these Upstate multiplex kits and are minimal for all cytokines analyzed. Levels of 2, 6, 8, 10, 12, 13 , tumor necrosis factor tumor necrosis factor a, MIP-1a, monocyte chemotactic protein-1 (MCP-1), interferon g, and interferon inducible protein 10 were measured in a 1:2 dilution.
Data Analysis
Mean concentration of replicate experiments was calculated for each sample, and the database was constructed with double data entry verification for over 3,000 cytokine values. Three patients placed on extracorporeal membrane oxygenation after enrollment 3 (N), and 2 (N) patients with positive initial blood cultures were not included in the analysis, as both conditions will induce their own cytokine storm. Samples were also missing due to improper transport, nursing error, or early death. Serum cytokine values were analyzed for 21 to 28 subjects (H) and 15 to 22 subjects (N) at each time point.
We used median values for nonparametric data, and logarithmic transformations were performed on cytokine values before statistical analysis. The independent relationship of hypothermia and time was assessed using multivariate, mixed effects models based on log-transformed values. Parametric tests (Analysis of Variance) were performed in N and H groups over time. Kruskal-Wallis test determined time points that there were significantly different between groups. For prediction of good or adverse outcome, a Mann-Whitney test was performed on median log-transformed cytokine values. We performed Spearman's rank correlation on non-log-transformed cytokine values and actual patient temperatures at enrollment to determine the relationship between temperature and cytokine value. Chi-squared was performed for discriminant analysis of temperature at enrollment predicting outcome. We did not correct for multiple comparisons in these exploratory analyses. We note specific P values when P < 0.1 (SAS version 9.2, SAS Institute, Inc., Cary, NC, USA).
Results

Cytokines at Enrollment
Demographics of the 50 patients (28 H, 22 N) and outcomes for the patients were similar for baseline and clinically prognostic variables (Table 1) . Death with multiorgan failure was also similar between treatment groups (4 H and 3 N) and includes those who were withdrawn from support with multiorgan failure.
Hypothermia treatment in our trial was initiated immediately and on transport from outlying hospitals. Most hypothermia patients were already cooled for several hours by the time of the first blood draw at the tertiary care center, and enrollment cytokine levels could potentially show a treatment effect. We found that median serum cytokine values and interquartile ranges (IQR) at enrollment were similar between groups, with the exception of IL-8, which was significantly higher in the H group (Table 2) . To clarify whether the differences in initial cytokine values were directly related to the rectal temperature very soon after hypothermia was initiated, we performed Spearman's rank correlation between rectal temperatures at the time of the initial sample, and non-transformed enrollment cytokine levels. For IL1b, IL-6, IL-10, IL-12, MCP-1, MIP-1a, and interferon inducible protein 10 there were no significant correlations with enrollment temperature. However, IL-8 showed a trend to association with P = 0.075. Taken with the significant difference between treatment groups for IL-8 at enrollment, these data could indicate an early effect of treatment on IL-8 levels.
Hypothermia and Time had Significant Effects on Cytokine Levels, But Gender Did Not
Levels of IL-6, IL-8, IL-10, and MCP-1 showed significant independent effects of time and H treatment (IL-6 P < 0.0001, IL-8 P < 0.007, IL-10 P < 0.0001, MCP-1 P < 0.05 for both H and time). MIP-1a showed no significant effects of H treatment, but MIP-1a levels tended to be different over time (P = 0.06). IL-1b, IL-12, and interferon inducible protein 10 values showed no significant effect of time or hypothermia treatment on serum levels. Gender did not have a significant independent effect on any cytokine in our study.
Induced Hypothermia Increases Serum Cytokines in Neonatal Hypoxic-Ischemic Encephalopathy Compared with Normothermic Subjects
Median levels of IL-8, IL-6, IL-10, and MCP-1 are significantly higher in the H group than in the N group at most time points over the 80 hours after birth, and the pattern of serum levels over time is notably different between H and N groups (Figure 1 ). Interleukin-8, IL-6, and MCP-1 have early peaks (22 to 33 hours) and either a second peak or an elevated plateau (46 to 56 hours after birth) only in the H group. Since these samples were obtained before rewarming, this second peak cannot be due to the rewarming process itself. Both pro-inflammatory and anti-inflammatory serum cytokines are elevated with systemic H treatment, and IL-6, IL-8, and MCP-1 have unique, biphasic expression patterns in the H neonates.
High Interleukin-6 and Monocyte Chemotactic Protein-1 at Enrollment Predict Poor Outcome Levels of IL-6 and MCP-1 at enrollment were significantly elevated in subjects who later succumbed Figure 2 ). Median IL-6 for surviving subjects was 58 pg/mL (IQR 13 to 217 pg/mL) versus 613 pg/mL in non-survivors (IQR 115 to 1,662 pg/mL, P = 0.0023). Median MCP-1 was 31 pg/mL (IQR 1.6 to 172 pg/mL) in survivors versus 414 pg/mL (IQR 39 to 506 pg/mL) in non-survivors (P = 0.0063). Receiver operating characteristic curve analyses generated independent cutoff values of 103 pg/mL for IL-6 and 187 pg/mL for MCP-1 within 0 to 9 hours after birth, with higher values predicting death with 81% sensitivity, 62% specificity for IL-6, and 73% sensitivity, 79% specificity for MCP-1. In a logistic regression model, if either MCP-1 > 187 pg/mL or IL-6 > 103 pg/mL, then death was correctly predicted in 14 out of 15 non-surviving subjects (94%, P < 0.01). If either IL-6 or MCP-1 was lower than their cutoff values, then survival was correctly predicted in 25 out of 29 of those that survived (86%, P < 0.003).
As noted by other investigations in normothermic HI injury, serum IL-6 levels that are extremely elevated very early after HI indicate patients with more severe injury (Martin-Ancel et al, 1997; Fassbender et al, 1994) . In our trial, hypothermia subjects' serum IL-6 levels at enrollment tended to predict severely abnormal motor scores at 12 months or death, with odds ratio = 1.582, and 95% confidence interval = 0.95 to 2.636 (P = 0.05; n = 12 good outcome, 13 adverse outcome). The median serum IL-6 concentration at enrollment in H patients with adverse outcome was 205 pg/mL (110 to 1,669 pg/mL IQR), compared with 94 pg/mL (32 to 250 pg/mL IQR) in the H subjects with a better neurologic outcome.
Cytokine Profiles by Outcome
We postulated that within the hypothermia group, subjects with different neurodevelopmental outcomes would have different cytokine profiles. Although elevated IL-6 levels shortly after birth in neonates with encephalopathy were associated with non-survival, H patients with a better neurodevelopmental outcome have second peaks of IL-6, IL-8, and IL-10 at 24 hours after enrollment (Figure 3) . From 24 to 36 hours, median IL-6, IL-8, and IL-10 level values in the H good outcome group decreased significantly (P = 0.02 IL-6, P = 0.015 IL-8, P = 0.008 IL-10). Thus, the 36-hour time period is notable for a trend reversal among cytokines in the H group with a better outcome, indicating an active modulation of cytokine values in this group, not simply a result of cytokine variability.
Median IL-6, IL-8, and IL-10 levels are higher in those H patients with adverse outcomes at 36 hours and remain so over the next 2 days (Table 3) . This difference was marginally significant for IL-8 and IL-10 with our sample size (n = 10 good outcome and n = 12 adverse outcome). Other investigators have also found detrimental aspects of persistent elevation of IL-10 (Kirchoff et al, 2008) .
The individual time courses of serum inflammatory cytokines in the H group with good outcomes show a distinctive pattern (Figure 4) . A pattern of peak levels during the initial 24 hours followed by a significant decrease from 24 to 36 hours in the better outcome H group is consistent across several cytokines. All 10 H patients with good outcomes had peak IL-6 levels from 0 to 24 hours after enrollment and much lower levels at 36 hours. In contrast, the H adverse outcome group had no cohesive pattern, with 7 out of 12 having late IL-6 peaks X36 hours, and 6 patients with persistently high levels of IL-6 ( > 800 pg/mL) > 60 hours after injury. Five patients had elevation of IL-6 after rewarming (2 good and 3 adverse outcomes).
For All Hypoxic-Ischemic Encephalopathy Neonates, High Interleukin-12 and Low Macrophage Inflammatory Protein 1a Are Associated with Adverse Outcomes Levels of IL-12 and MIP-1a over the entire study period were not significantly different by treatment, and were analyzed by outcome regardless of treatment group (Figure 5 ). Interleukin-12 was significantly different between outcome groups (P = 0.051 at 48 hours and P = 0.028 at 72 hours), with a peak in those subjects with worse outcomes. In contrast, in HIE patients with favorable outcomes, median serum MIP-1a levels are higher at 60 to 70 hours after birth. A MIP-1a level < 15.9 pg/mL at 60 to 70 hours of age trended toward association with an adverse outcome (P = 0.052).
Discussion
Circulating inflammatory cytokines and chemokines are readily measurable and attractive bedside biomarkers of phases of injury (Tekgul et al, 2004; Buttram et al, 2007) . Substantial evidence links elevated serum cytokines with inflammatory disease processes that involve vascular endothelial activation, a hallmark of significant HI injury (Yan et al, 1995) . Cytokines, such as IL-6, IL-8, MIP-1a, and Serum cytokines in neonatal hypothermia trial DD Jenkins et al MCP-1, are secreted by activated endothelial cells, microglia, neurons, and astrocytes, and are chemotactic for blood-borne neutrophils and monocytes/ macrophages, potentially increasing leukocyte recruitment as well as directly amplifying inflammatory cascades in the injured central nervous system. Supporting this pro-inflammatory mechanism of secondary injury, investigations in neonates suggest that elevated cytokine levels may serve as valuable predictors of outcome after HIE. Serum cytokines, including IL-6, IL-8, MIP-1a, and MCP-1, from term newborn blood spots were elevated in infants who later developed cerebral palsy (Nelson et al, 1998) . High serum and cerebrospinal fluid levels of IL-6 and IL-8 in normothermic HIE newborns have been shown to be significantly associated with death, more severe injury, and severe motor disability at 12 to 30 months (Bartha et al, 2004; Savman et al, 1998; Aly et al, 2006; Tekgul et al, 2004; Fotopoulos et al, 2005) . In our study, elevated serum levels of IL-6 and MCP-1 from 0 to 9 hours after HI birth are associated with non-survival of HIE neonates, regardless of treatment group. We did include infants in extremis in our trial, and the rapid, extreme elevation of IL-6 and MCP-1 in the most severely affected HI neonates does not appear to be amenable to induced hypothermia. Therefore, the time interval immediately after HI birth may be a critical period for additional therapeutics. Interleukin-6 and MCP-1 could be very early biomarkers and valuable predictors of patients who need other adjunctive therapy or who will likely not survive. In contrast to most cytokine levels shortly after treatment initiation, after 12 hours hypothermia was associated with significantly increased median serum levels of IL-6, IL-8, IL-10, and MCP-1 compared with N treatment. We found independent effects of hypothermia treatment and time on cytokine flux, such that the H subjects also had a different pattern of serum expression, with IL-6, IL-8, and MCP-1 showing secondary peaks at 24 to 56 hours of age only in the H group. The time course of the elevation we observe Figure 4 Individual patient serum concentrations of IL-6, IL-8, and IL-10 over time in the hypothermia treatment group with a favorable outcome. Figure 5 Median serum macrophage inflammatory protein 1a (MIP-1a) and interleukin (IL)-12 concentrations over time by outcome, regardless of treatment. Median MIP-1a at 60 hours in all patients with better outcomes was 26.4 pg/mL (interquartile range (IQR) 10.7 to 56.3 pg/mL, n = 20), compared with 12.7 pg/mL in those with worse outcomes (IQR 7.5 to 17.3 pg/mL, n = 12) (*P = 0.0507). Median IL-12 concentration at 48 hours for those patients with better outcomes was 0.85 pg/mL (IQR 0.57 to 3.18 pg/mL, n = 16) compared with those with adverse outcomes, 3.72 pg/mL (IQR 0.55 to 6.06, n = 20, *P = 0.0507). At 72 hours, median IL-12 was 0.67 pg/ mL (IQR 0.51 to 0.91, n = 12) for those patients with better outcomes versus 4.03 pg/mL (IQR 0.83 to 7.79, n = 17, *P = 0.027) for those with adverse outcomes.
seems to contradict the known neuroprotective properties of induced hypothermia, but is consistent with the theory of cytokine-mediated repair at later time points, in which the role of these mediators days after HI may be different than their role immediately after injury (Catalano et al, 2008; Maeda et al, 1994; Suzuki et al, 2009) . However, as biomarkers of injury, the second peak of cytokines may indicate worsening of inflammation before eventual recovery. In addition, after 36 hours there is a trend reversal of cytokines values among those in the H group with a better outcome, suggesting an active down modulation of cytokine values in this group, whereas among those with adverse outcomes in the H group, IL-6 patterns showed notable persistent elevation.
The hypothesis of dual roles of well-known inflammatory mediators is difficult to test in human neonates, but has been shown in animal studies. The concept of dual roles was elegantly illustrated in Nijboer's work on inhibition of Nuclear Factor-kb (NF-kb) in HI injury (Nijboer et al, 2008) . In their postnatal day 7 rat model, NF-kb mRNA levels peaked shortly after HI injury, normalized by 12 hours, then peaked again at 24 hours. Inhibition of the early peak of NF-kb expression was neuroprotective, but inhibition of the second peak at 24 hours aggravated injury. Similarly, in adults at a mean of 11 hours after stroke onset, elevated serum levels of IL-6 correlate with less neurologic impairment and decreased infarct size (Sotgiu et al, 2006) . Potential beneficial effects of IL-6 are decreased glutamate toxicity, decreased tumor necrosis factor a and IL-1, increased JAK-STAT3 signaling, and induction of anti-apoptotic Bcl proteins in peri-infarct areas (Yamashita et al, 2005; Matsuda et al, 1996) . In addition, IL-8 may stimulate angiogenesis and modulate glutamate AMPA receptor activity (Catalano et al, 2008) . For such dual role mediators (IL-6, matrix metalloprotease 9, nitric oxide, reactive oxygen species, NF-kb, and others), later peaks in expression seem to be important for repair in animal models (Loddick et al, 1998; Herrmann et al, 2003; Pannu and Singh, 2006) .
In contrast, investigations of MCP-1 and IL-12 in stroke models point to these specific cytokines solely as pro-inflammatory contributors to HI injury. Overexpression of MCP-1 in the central nervous system has been shown to increase monocytic infiltration into the central nervous system by 48 hours in HI animal models (Chen et al, 2003) . Inhibition of MCP-1 also results in neuroprotection after stroke (Hughes et al, 2002; Rankine et al, 2006) . Interleukin-12 enhances Th1 responses activating cytotoxic T cells, promoting natural killer cells invasion and autoimmunity (Gee et al, 2009) . Consistent with these reports, we observed that high levels of serum MCP-1 shortly after birth correlated with death, and IL-12 increased late in all patients with worse outcomes. Thus, our data may give mechanistic clues as to inflammatory cytokine modulation, or lack thereof, in those HIE patients whose injuries are too severe for recovery.
Significant increases in median serum levels of cytokines induced by hypothermia compared with those in normothermic HIE patients raise the question of whether hypothermia also changes the downstream effects of these cytokines via receptor binding and signal transduction. Receptors for IL-6, IL-8, MCP-1, and MIP-1a are normally expressed but also are induced by ischemia in proliferating and mature neurons, oligodendroglia, astrocytes, and microglial cells (Ransohoff, 2009; Zhou et al, 2010) . The induction of inflammatory cytokine receptors over time after HI injury in animal models is not likely to be a protective effect, unless these chemotactic cytokines also trigger some other beneficial second messengers, promoting proliferation and migration of neuronal and oligodendroglial cells, as has been shown to occur during development (Trettel et al, 2003; Vlahakis et al, 2002) .
The usefulness of cytokines as biomarkers that predict outcome is hampered by well-known variability among intensive care patients with multiple interventions and organ systems injuries leading to cytokine storm (Ferrara et al, 1993) . Also in neonatal HIE, variability may be affected by the fact that HI may occur at varying intervals before delivery, leading to different cytokine time courses after birth. We only included HIE subjects, without extracorporeal membrane oxygenation, sepsis or chorioamnionitis, and found similar patterns of expression in the H group with better outcomes, perhaps indicating serum cytokines were less confounded by these other insults or that the injury was more acute or less severe.
Summary
Our data are consistent with accumulating evidence of different roles that cytokines may have after injury. Inflammatory cytokines have been traditionally viewed solely as mediators of central nervous system injury, but investigations into the actions of IL-6, reactive oxygen species, and NF-kb have provided sound evidence of reparative actions after HI injury. Cytokine and chemokine actions may, therefore, be specific to the phase of injury and recovery and switch roles within a relatively short time after injury. In our investigations of the time course of serum cytokines after birth in HIE neonates enrolled in a hypothermia trial, there was a second peak in serum levels of inflammatory mediators only in H patients. We found that early serum IL-6 and MCP-1 are indicators of death; however, within 24 to 56 hours, IL-6 and MIP-1a may be markers of patients who have activated important mechanisms of repair and consequently will have better outcomes than those who do not have a secondary peak. We speculate that hypothermia may not simply prolong the latent phase or delay secondary injury, but may shorten the time to initiate repair in neonates recovering from HIE.
Further investigation of the temporal relationships of biomarkers in injury and recovery, and the variability of those phases during hypothermia is required for optimal neuroprotection. With a better understanding of the modulation of serum cytokines and chemokines, these biomarkers may serve as an indicator of an individual patient's place in the injury-repair continuum, and which therapies might be helpful or harmful.
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